The applicability of ow control by periodic blowing and suction through a slot in a spatially evolving Stratford ramp ow is investigated by numerical simulations based on the two{dimensional incompressible Navier-Stokes equations. The simulations have shown that beyond certain Reynolds numbers, instability waves are developing even when no \con-trolled" disturbances are introduced. These instability waves increase the momentum exchange between the outer and inner part of the boundary layer and thus can suppress the massive separation which would have occurred for the steady laminar ow under the same adverse pressure gradient. This natural instability can be exploited by introducing controlled disturbances (in the present case, by periodic blowing and suction through a slot). For example, a small separation bubble, which occurred at the upstream end of the Stratford ramp when no controlled disturbances were introduced, could be completely suppressed by periodically forcing the ow with the frequency that was observed for the \natural" (uncontrolled) case. However, for this \controlled" case another separation bubble may be generated further downstream. By carefully adjusting the forcing frequency (to about half of the natural frequency), the size and intensity of the newly generated separation bubble can be greatly reduced. When the Reynolds number was increased, extensive separation occurred without forcing, although instability waves were developing as for the low Reynold number case. However, the separation could again be suppressed by periodic forcing with large amplitudes. Furthermore, the required forcing
Introduction
The importance of ow control can be seen from a NASA statement indicating that the American aerospace industry would have to improve its lift{ to{drag ratio by a factor of two during the next two decades to remain competitive with Europe and the Paci c rim 9]. This may be achieved through the use of various clever drag{reduction and high{lift devices | including active ow control. In fact, ideas for active ow control go far beyond the conventional surface drag reduction techniques. They range from delaying transition in boundary layer ows by wave cancellation 6, 8, 12] , forcing of mixing layer in parallel streams 14] and delay of separation 17], to reducing the drag in the engine of the hypersonic ight vehicles 13] and jet vectoring 18]. For any practical applications, the ability to control separation is of great importance, because unwanted separation occurs in many situations of practical relevance. Successful prevention or delay of separation has many bene ts, including increased lift, reduced drag, and increased maneuvering capability of aircraft 5]. This subject has therefore been of great interest to many researchers for the past three decades 1, 2, 10, 20] .
Some researchers have suggested that, for ow control strategies, the ow physics can be considered as a \black{box", and that the contents of this box can be studied by observing the response, or output to di erent kinds of input. We believe, however, that an understanding of the ow physics will greatly improve the chances of acquiring ecient ow control. Even when neural net schemes are employed for developing control strategies, an understanding of the ow is not super uous: better results are obtained when good models are available to train the net 9]. The motivation of the present paper is to investigate the fundamental mechanisms of the ow separation, and to use this understanding for ow control.
Because of its many distinct features, the Stratford ramp geometry is chosen for this study. In 1959, Stratford proposed a method for the prediction of ow separation and then designed a ow geometry (Stratford ramp) such that the ow is continuously on the verge of separation throughout the region of pressure rise. As a result, there should be zero skin friction in this region 19]. Stratford's experiments proved that the concept was correct. However, the mechanisms that cause the ow to remain attached under such a strong adverse pressure gradient are still unclear. Moreover, when the conditions of the incoming ow change, if only slightly, the ow over the Stratford ramp may separate massively (due to the slight o {design conditions). Clearly, the ow over Stratford ramp must be controllable before it can be successfully employed in industrial applications.
In the present study, the spatial evolution of the Stratford ramp ow is computed by direct numerical simulations (DNS) using the unsteady incompressible Navier{Stokes equations in vorticity{ velocity formulation. A DNS code in simpli ed curvilinear coordinates, which were tailored to the Stratford geometry, was developed such that numerical investigations of the complicated ow phenomena would be a ordable with present computer resources. As a consequence of the complicated physics of the problem, and large required computing resources, initial simulations were limited to two dimensions. As the results discussed later will demonstrate, the two{dimensional simulations provide signi cant physical insight into the fundamental mechanisms of ow separation and its prevention for the Stratford ramp ow. In fact, some of the results agree well with experimental measurements of the turbulent Stratford ramp ow 3]. This is an indication that, in the turbulent Stratford ramp ow, the large coherent structures may be strongly two{ dimensional and that the dynamics of these structures can be modeled in laminar simulations.
In this paper, the main features of the numerical method used in this study will be discussed rst. Next, examples for validating the code are given. Finally, typical results from the simulation of the Stratford ramp ow and its control are presented.
Numerical Method
The numerical model is based on the two{ dimensional incompressible Navier{Stokes equations in vorticity{velocity formulation. With the streamwise direction (s{axis) along the wall surface of the Stratford ramp and the {axis normal to the wall (see gure 1), the governing equations can be written as follows: the present results agree better with Gaster's measurements (see table 1 ). This is possibly due to the higher accuracy (fourth{order compact di erence) used in our simulations. Only second{order standard di erences were used in 15]. Comparison of other ow parameters, such as boundary layer displacement and momentum thickness at the separation point, shows good agreement between experiments and our calculations. Other validation calculations that speci cally test accurate representation of curvature e ects were also performed. To this end, G ortler vortices that form on a concave surface were calculated. The results were compared with linear stability theory and experiments and good agreement was found 22]. Re number ow, where Re was 17958. In the rst category, the overall ow eld remained attached, although small and shallow separation bubbles appeared. In the second category, the ow massively separated from the wall surface when no controlled forcing was applied. In order to control the separation behavior of the ow, an actuator (periodic blowing and suction through a slot) is placed on the surface of the at plate portion of the wall, upstream of the actual Stratford ramp (see gure 1). Within the slot (s 1 < s < s 2 ), the normal velocity is de ned as v(s) = v w A cos(2 ft), where A is the forcing amplitude and f the frequency. This produces smooth disturbances without generating a net mass ux. For each ow category dened earlier, the e ects of amplitude and frequency of the periodic blowing and suction were investigated. All test cases are listed in table 2. For most calculation cases, the number of grid points used was 641 points in the s{direction and 128 points in the {direction (81 points were used for the bu er domain in the s{direction). Grid independence of the calculations was veri ed by monitoring some of the most sensitive quantities. For example, less than 5% variation of the dominant frequency of the instability waves was achieved for two sets of simulations with di erent grid resolutions. In the streamwise (s) direction the grid was equidistant with s = 3mm, while in normal ( ) this separation bubble corresponds approximately to the peak streamwise velocity in the freestream, where the pressure gradient changes from favorable to adverse. Because of the strong adverse pressure gradient, the velocity pro les develop a point of inection, and as consequence they become inviscidly unstable. This instability leads to high growth rates of the disturbances. Therefore, even when no controlled forcing is imposed on the ow eld, small numerical errors (truncation error, round{o error) can trigger the instability waves. Because of the continued adverse pressure gradient these instability waves grow strongly in the downstream direction.
In order to determine the frequencies of these instability waves, Fourier analysis of the velocity data was performed for di erent locations. The data were rst analyzed for a xed normal distance from the wall ( = 9:779mm) for various streamwise locations, s = 0:648m, s = 0:948m and s = 1:248m (see gure 5a, b and c respectively). Then the data were Fourier analyzed for a xed streamwise location (s = 1:548m) and various normal distances from the wall, = 9:779mm, dition to F 1 , 2F 1 and 3F 1 a subharmonic peak can be observed, F sub F 1 =3, which, as discussed earlier, is due to the vortex merging. Further downstream at the positions (1:248m; 9:779mm) and (1:548m; 9:779mm), gure 5(c) and (d), respectively, the spectra are similar to that at the position (0:948m; 9:779mm) in gure 5(b), except that the subharmonic peak F sub has shifted towards lower values (approximately F 1 =4), indicating additional vortex merging. However, comparing the spectra for a xed downstream location and varying the distances from the wall, it is obvious that the discrete frequency peaks of the fundamental and higher harmonics gradually disappeared as the wall is approached (see gure 5e and f), while the subharmonic peak persists. This is an indication that the ow behavior close to the wall is dominated by the large scale vortical activity that resulted from the vortex mergings.
When the subharmonic frequency from our two{ dimensional simulations is normalized by the local freestream velocity and momentum thickness of the boundary layer 21], it agrees well with the dominant frequency measured in the recovery region of the turbulent Stratford ramp ow in the experiments 3]. This is an indication that, in the turbulent Stratford ramp ow, the dynamics of strongly two{dimensional large coherent structures may play an important role.
Forced ow
Next the ow eld described in the previous section was forced by introducing arti cial disturbances using periodic blowing and suction through a slot as discussed in section 4.1. The slot was between s = 0:108m and s = 0:154m. The amplitude of the forcing was 10 ?2 U 0 , while the frequency was chosen to be 238:7Hz (Case 1), which is close to the fundamental frequency observed in the unforced Case A. Figure 6 shows the instantaneous vorticity contours at time instant nt = 1000. At rst, instability waves appear with the same frequency of the forcing. Further downstream at about s = 1:07m vortex merging occurs, as before, and associated with it, a subharmonic frequency arises. However, inspecting the ow eld more closely near the merging location reveals a signi cant di erence from before: the large amplitude structures are somewhat displaced from the wall surface, starting at about s = 0:828m. This displacement has two e ects: (i) a much thicker boundary layer is generated, and (ii) a separation bubble occurs upstream of the location of vortex merging.
These two e ects can be seen more clearly in the time averaged streamwise velocity pro les in gure 7(a). Comparing this gure with gure 4 it is obvious that the small and shallow separation bubble of the unforced case is nearly suppressed. This is due to the increased exchange of momentum between outer and inner ow caused by the forced instability waves and the associated vortical structures that develop further upstream, when compared to the unforced Case A. However, the size of the newly formed separation bubble, further downstream near the location of vortex merging, is much larger than the small and shallow separation Fourier analysis of the data for case 1 (not shown here) indicates that the unsteady ow is exactly locked to the frequency of the forcing. Upstream of the merging location, the spectra exhibit dominant peaks for the fundamental and higher harmonics, while downstream of it the subharmonic becomes dominant.
E ect of forcing amplitude
When the amplitude of the forcing is reduced to A = 10 ?3 U 0 (from the previous case of A = 10 ?2 U 0 ) while the forcing frequency f remains xed (Case 2), the location where the instability waves become noticeable moves further downstream, as might be expected. Nevertheless, the rst small separation bubble is completely suppressed, and the size and intensity of the separation bubble that occurred at the location of vortex merging is greatly reduced (compare gure 7(a) and (b) for the time{ averaged streamwise velocity pro les). When the amplitude of the forcing is further reduced to A = 10 ?4 U 0 (Case 3), the rst separation bubble reap- pears, while the position of the second one seems unchanged, although the separation appears to be stronger (see gure 7c).
The above observations can be further substantiated by comparing the wall stress distributions in gure 8. For comparison, the Blasius solution and the shear stress for Case A are also plotted. (The oscillations for Case 1 close to the in ow boundary are due to the strong forcing at this location.) For the unforced case, a small separation bubble at about s = 0:5m can be observed. This separation bubble is suppressed by forcing, and the lower the forcing amplitude, the closer the ow is approaching separation at this location. On the other hand, the forcing generates a second separation bubble ap- proximately at s = 1:1m which does not exist for Case A. Forcing with an amplitude of 10 ?3 U 0 seems to induce the least amount of separation at the the vortex merging location. Therefore, this amplitude will be used for investigating the e ect of varying the forcing frequency.
E ect of forcing frequency
To investigate the e ect of forcing frequency the amplitude was kept xed at A = 10 ?3 U 0 as discussed before. First, the forcing frequency was increased to f = 477:4Hz = 2F 1 (Case 4), that is two times the frequency of the previous Case 2. The time{averaged streamwise velocity pro les for this simulation are plotted in gure 9(a), where the upstream separation bubble reappears, although the second separation bubble is completely suppressed when compared to Case 2. Second, when the forcing frequency is decreased to f = 119:35Hz = F 1 =2 (Case 5), with the same amplitude as before, both the rst and the second separation are reduced in size and intensity (see gure 10 for instantaneous vorticity contours, and gure 9b for time-averaged streamwise velocity pro les, and compare with gure 7b, Case 2). This can be explained by the fact that forcing with this frequency enhances the vortex merging which in turn occurs further upstream than in the previous case. The subharmonic wave components downstream of the observed vortex merging are exactly locked to the forcing frequency. The larger vortical structures created by the vortex merging enhance the exchange of momentum between outer and inner layer, and, as a consequence, decrease separation tendencies. Close to the out ow boundary an additional vortex merging can be observed. This, however, is already out of the region of interest. Finally, when the forcing frequency is further reduced to f = 59:675Hz = F 1 =4 (Case 6), the instability waves are still generated. But they are no longer locked to the forcing frequency. This is manifested in the Fourier spectrum where no distinct peak is present and appearing rather broadband. From the averaged streamwise velocity proles ( gure 9c), we can see that the rst separation bubble still exists but not the second one. The ow eld is similar to that of Case A. The surface stress distributions for Cases 4, 5, 6 as well as for Case 2 are plotted in gure 11. Regarding the rst separation bubble, a forcing frequency close either to the fundamental frequency or to the subharmonic frequency of the unforced ow (Case A) is most e ective at suppressing this separation. Regarding the second separation bubble, forcing with the subharmonic frequency is more effective than using the fundamental one at suppressing this separation. ). The intensity of these vortical structures is so strong that, instantaneously, large regions of reverse ow exist (see Figure 12b) . The time{averaged vorticity contours and velocity vectors for this case are shown in gure 13(a) and (b), respectively, where the large separated region can be seen more clearly.
Fourier spectra for this case di er from the previ- ous low Re number Case A in that only one dominant frequency is present at about F 2 = 15Hz in the entire ow eld. It is interesting to note that the Strouhal number for this frequency (St = f =U e , where U e is the local freestream velocity and the boundary layer momentum thickness) is approximately the same as that of the subharmonic frequency found downstream of the vortex merging location in Case A. As before, this dominant frequency is close to that observed in the experiments 3]. This is an additional indication that two{dimensional dominant structures are present in the turbulent Stratford ramp ow.
Forced ow
To investigate if the massive separation can be mitigated or prevented as before by ow control, a periodic blowing and suction slot was placed between 13:0m < s < 13: 1m. An amplitude of 0:1U 0 was chosen, large enough for generating large amplitude waves and associated vortical structures which in turn increase the momentum exchange between the inner and outer part of the boundary layer. The frequency used was 30Hz (Case 7), about twice that of the fundamental frequency of the instability waves found in the unforced case (Case B). instantaneous reverse ow close to the wall. However, as can be observed in gure 15(a) and (b), the time average mean ow does not exhibit a region of separation as in Case B, and thus the separation is entirely suppressed. 
Conclusions
Using direct numerical simulations based on the two{dimensional incompressible Navier-Stokes equations, the unsteady behavior of a ow over a Stratford ramp was investigated. The emphasis of this study was on understanding the behavior of the ow close to separation and on exploiting the feasibility of ow control (using periodic blowing and suction through a slot) for delaying or preventing separation.
For low Re numbers, instability waves arise with a strong fundamental frequency and two higher harmonics. These waves grow rapidly in the downstream direction. Concurrently, intensive vortical structures develop and propagate in the downstream direction. These large structures strongly enhance the momentum exchange between the outer and inner part of the boundary layer and suppress the massive separation that would otherwise occur for laminar ow under the same strong adverse pressure gradient. A small shallow separation bubble remains at the upstream portion of the Stratford ramp, starting just upstream of the location where the instability waves originate. This separation bubble may be suppressed by forcing the ow at the fundamental frequency that arises when no forcing was used. However, in this case, another separation bubble arises further downstream of the ramp. By carefully adjusting the forcing frequency (for example, to about half of the fundamental frequency of the unforced case), the size and intensity of both separation bubbles can be greatly reduced.
For high Re numbers, without arti cial forcing, an extensive separated region occurred, although large amplitude instability waves were developing in the boundary layer. However, our simulations have shown that this extensive separation could also be prevented by forcing. Forcing with a large amplitude was e ective for a range of frequencies. However, when forcing with smaller amplitudes, only a special, \optimized" frequency (approximately the same as that of the fundamental instability waves of the unforced case) was e ective in preventing separation.
